Abstract: A syndrome of multiple paragangliomas/pheochromocytomas, somatostatinoma, and polycythemia due to somatic mosaic gain-of-function mutation of EPAS1, encoding HIF-2α, was previously described. HIF-2α has been implicated in endochondral and intramembranous ossification. Abnormal bone growth of the skull base may lead to Chiari malformation type I. We report two cases of EPAS1 gain-of-function mutation syndrome with Chiari malformation and developmental skull base anomalies. Patients were referred to the Section on Medical Endocrinology, Eunice Kennedy Shriver NICHD, NIH for evaluation of recurrent and metastatic paragangliomas or pheochromocytoma. The syndrome was confirmed genetically by identification of the functional EPAS1 gain-of-function mutation in the resected tumors and circulating leukocytes. Both patients were confirmed for characteristics of EPAS1 gain-of-function mutation syndrome by complete blood count (CBC), plasma biochemistry, and computed tomography (CT) of the abdomen and pelvis. Chiari malformation type I and abnormal bony development of the posterior fossa was found on MRI and CT of the head. The present study implicates EPAS1 mutations in abnormal posterior fossa development resulting in Chiari malformation type I.
Introduction
Chiari malformation type I is characterized by caudal displacement of the cerebellar tonsils through the foramen magnum of at least 5 mm in adults [1] . Several studies have implicated shortened posterior fossa bones and reduced posterior fossa volume in the development of Chiari malformation type I [2] . The pathways that lead to Chiari I malformation development are multifactorial, complex, and not fully elucidated [3] . While Chiari malformation type I has been found to co-occur with genetic syndromes such as achondroplasia, to date, no causative gene mutation has been identified for most patients diagnosed with Chiari I malformation [4, 5] . Further, Chiari malformation type I has not been reported to be associated with systemic cancer, although posterior fossa tumors may produce cerebellar tonsillar herniation similar to seen in Chiari I malformation.
EPAS1, encoding hypoxia-inducible factor-2α (HIF-2α), is active in regions of hypoxia in development, including endochondral and intramembranous ossification [6, 7] . Posterior fossa bones are formed by endochondral ossification [8] . Mosaic gain-of-function EPAS1 mutations have been found to cause a syndrome encompassing multiple paragangliomas/pheochromocytomas, somatostatinoma, and polycythemia, also called Pacak-Zhuang syndrome [9] . Herein, we report two patients with EPAS1 gain-of-function mutation syndrome, Chiari malformation type I and other developmental anomalies of the posterior fossa and spine.
Results
Both patients were found to be negative for mutations in erythropoietin, erythropoietin receptor, HIF-1α, janus kinase 2, prolyl hydroxylase, succinate dehydrogenase B/C/D, and von Hippel-Lindau genes in circulating leukocytes and resected tumor tissues (Table 1) . This served as genetic confirmation of isolated EPAS1-gain-of-function syndrome and allowed the evaluation of HIF-2α in the absence of common somatic mutations causing alterations in the hypoxia pathway resulting in paraganglioma/pheochromocytoma.
Summary of Cases

Case 1 History of Present Illness
A 50-year-old woman presented to our institution 14 years ago with a past medical history significant for polycythemia diagnosed at age 7. An obstructive mass in the head of the pancreas was found and resected at age 36, using the Whipple procedure. Blood pressure was labile during the procedure. Histology confirmed duodenal ampullary somatostatinoma and additional multiple abdominal paragangliomas. She was at that time referred to our institution for investigation of suspected metastatic paraganglioma. Blood chemistries (Table 1) and 18 F-fluorodeoxyglucose positron emission tomography/computed tomography ( 18 FDG PET/CT) confirmed metastatic and/or additional paragangliomas with foci present in the left para-aortic region at the level of the kidney and throughout the abdomen, corresponding to 123 I-metaiodobenzylguanidine ( 123 I-MIBG) activity on subsequent scan. She underwent 131 I-MIBG-directed radiotherapy and resection of these tumors at an outside institution. Identification of the EPAS1 gain-of-function mutation in the resected tumor tissues and circulating leukocytes confirmed the underlying syndrome. At present, tumor burden is stable, polycythemia has resolved although erythropoietin levels are mildly elevated, and the patient is asymptomatic.
Imaging Findings
Imaging of the chest, abdomen, and pelvis showed stable tumor size and occult sacral dysraphism and segmentation defect. l-3,4-dihdroxy-6-[ 18 F]fluorophenylalanine ( 18 F-FDOPA)-PET/CT scan revealed focal tracer uptake at the skull base consistent with a glomus jugulare tumor (probably paraganglioma) and tracer uptake within several lumbar vertebral bodies. CT and MRI of the head were diagnostic of Chiari malformation type I with tonsillar displacement 7 mm below the foramen magnum ( Figure 1A ). Reduced ossification of the occipital bone and uncalcified petroclival synchondrosis were evident on CT ( Figure 1B-D) . [10] 35 46 Clival Length (43.4 ± 4.4 mm) [10] 41 44 Tentorial Angle (27-52 • ) [10] 50.40 63.07 Klaus Index Height (38.0 ± 5 mm) [10] 49 51 Boogaard Angle (133.8 ± 6.5 • ) [10] 
Family History
No family members have history of pheochromocytoma/paraganglioma, polycythemia, thyroid disease, parathyroid disease, adrenal disease, or history of Chiari malformation. Her mother died from lymphoma at age 62. Her father died of bladder cancer at age 75.
Case 2 History of Present Illness
A 29-year-old male presented to our institution with a past medical history significant for polycythemia diagnosed at 28 months by routine phlebotomy. At age 14, a left chest wall tumor was 
Family History
Case 2 History of Present Illness
A 29-year-old male presented to our institution with a past medical history significant for polycythemia diagnosed at 28 months by routine phlebotomy. At age 14, a left chest wall tumor was found at level of the 4th rib on CT scan performed for evaluation of hypertension and syncopal episodes. Blood chemistries ( Table 1 ) and histopathology of three resected chest wall masses at age 17 confirmed paragangliomas. He was referred to our institution for genetic evaluation after resection of multiple paraortic and lumbar paragangliomas. Somatic mosaicism of EPAS1 gain-of-function was confirmed in the resected tumors and circulating leukocytes. His follow-up included routine phlebotomy for polycythemia and measurement of plasma and urinary metanephrines and imaging for tumor surveillance and detection.
Imaging 
Discussion
The cases of Chiari I malformation associated with EPAS1 syndrome provide possible unique insight into the development of Chiari malformation. We are currently systematically characterizing EPAS1 syndrome, which was originally described as a constellation of paraganglioma/pheochromocytoma, polycythemia, and somatostatinoma [6] . Eight of our 11 patients with this syndrome have been evaluated by CT and/or MRI of the head and CT of the spine. Of the 8 
The cases of Chiari I malformation associated with EPAS1 syndrome provide possible unique insight into the development of Chiari malformation. We are currently systematically characterizing EPAS1 syndrome, which was originally described as a constellation of paraganglioma/pheochromocytoma, polycythemia, and somatostatinoma [6] . Eight of our 11 patients with this syndrome have been evaluated by CT and/or MRI of the head and CT of the spine. Of the 8 studied patients, 7 have cerebellar tonsillar ectopia (1-8 mm) and occult sacral dysraphism. We chose to report the two patients presented herein separately because their extent of tonsillar ectopia fulfilled the imaging diagnostic criteria for Chiari I malformation. The patients have not developed symptoms of Chiari I malformation, however.
Chiari I malformation is commonly associated with a small posterior fossa and low insertion of the tentorium [1, 2] . Brain anomalies often associated with Chiari II malformation, including enlarged fused massa intermedia and beaked tectum, were not present in these two cases. Although dysraphism and segmentation anomalies of the sacrum were present in both cases, there was no primary neural tube defect of the spinal cord, which is usually associated with Chiari II malformation [2] . While incidental spina bifida occulta has a frequency of about 3 per 10,000 births according to the CDC [11] , the finding of dysraphic processes and Chiari malformation type I in these patients suggests a common mechanism.
Regulation of HIF-2α is critical to proper ossification of cartilage [6] . The bony spina bifida occulta without involvement of the spinal cord that is present in these patients suggests inadequate closure of the dorsal mesoderm following closure of the neural tube at the posterior neuropore. Thus, this suggests that the gain-of-function mutation in HIF-2α leads to the persistence of cartilaginous structures due to delayed closure of the dorsal mesoderm or lack of endochondral ossification in bony growth centers of the sacral spinous processes and lamina. The same mechanism may be true of the clivus and occipital bone, which also undergo endochondral ossification [8] . This is supported by the thin appearance of the clivus and occipital bone in both patients.
Chiari I malformation has been attributed to a small posterior fossa that is unable to contain the neural elements, leading to downward tonsillar herniation into the spinal canal [12] [13] [14] . Patient 1 in our study had a crowded posterior fossa. However, there is a spacious subtype of Chiari malformation type I in which tonsillar displacement occurs even though the posterior fossa size is normal [15] . Patient 2 had the spacious subtype of Chiari malformation type I. Neither patient had abnormally short clivus or supraocciput, nor platybasia or basilar invagination (Table 1) . However, both patients had uncalcified synchondroses of the clivus, supraocciput, and odontoid as well as spina bifida occulta, supporting impaired developmental ossification of these structures. Despite uncalcified synchondroses of the clivus and supraocciput, the skull base was structurally sound as shown by the absence of basilar impression (Table 1 ). An alternate explanation for the disproportion of the cerebellum and posterior fossa volume was that the mutation resulted in enlargement of the cerebellum.
The patients reported have incidental Chiari I malformation, a term used to describe patients with MRI findings diagnostic for Chiari I malformation but no associated symptoms of the condition. Some patients with incidental Chiari I malformation later develop symptoms of the condition either spontaneously or after physical trauma. The appearance of incidental Chiari malformation and reduced bony development of the spine and skull base in our patients with gain-of-function EPAS1 mutation suggests that persistent hypoxic signaling resulted in incomplete mesenchymal development that manifested as 1) reduced ossification of posterior fossa bones and, secondarily, Chiari I malformation, 2) impaired development of the sacrum leading to spina bifida occulta of S1 and segmentation anomalies of the sacral ala, and 3) impaired development of other brain structures resulting in asymptomatic brain vascular anomalies [16] .
Materials and Methods
Study Oversight
This study (Protocol, 00-CH-0093: Diagnosis, Pathophysiology, and Molecular Biology of Pheochromocytoma and Paraganglioma) was approved by the institutional review board of the Eunice Kennedy Shriver National Institute of Child Health and Human Development, NIH. The study was approved in the continuing review on was approved in the continuing review on 12 December 2018. Both patients provided written informed consent.
Patient Selection and Evaluation
Typical features of the syndrome, including polycythemia, paraganglioma/pheochromocytoma, and duodenal somatostatinoma, were confirmed in the selected patients by complete blood count (CBC), erythropoietin (EPO), plasma and/or urine catecholamines/metanephrines, somatostatin, computed tomography (CT), positron emission tomography (PET)/CT, and/or MRI of the neck, chest, abdomen, and pelvis (Table 1 ) and pathology. Patients underwent MRI of the brain. Bony anatomy of the calvarium, skull base, and spine was evaluated on CT reconstructed images.
Patient EPAS1 Mutation Analysis
Genomic DNA was extracted from patient leukocytes and resected tumor tissues via NucleoSpin Tissue Kit (Macherey-Nagel, Bethlehem, PA, USA). EPAS1 exons were amplified by means of polymerase-chain-reaction (PCR) assay. Primer sets for exon amplification have been previously described [9] . The DNA sequence of each exon was determined by forward and reverse sequencing [9] .
Measurements
Tonsillar displacement was measured according to the National Institute of Neurological Disorders and Stroke Common Data Elements for Chiari I Malformation (http://www.commondataelements. ninds.nih.gov, accessed: 2 February 2019). Tentorial Angle was measured as described by Kao et al. [17] . Measurements of tonsillar displacement, posterior fossa height, cervicomedullary kinking (Klaus index height), pontomedullary height, and platybasia were performed as previously described [10] . Basilar invagination was defined as the odontoid tip lying at least 5 mm above the McGregor line [18] .
Conclusions
Herein, we describe two patients with EPAS1-gain-of-function (Pacak-Zhuang) syndrome and features of incidental Chiari I malformation, i.e., greater than 5 mm tonsillar herniation below the foramen magnum. While the posterior fossa in these patients is not small, the boney development appears abnormal. The reduced boney development of the spine and skull base in these patients with gain-of-function mutation in EPAS1 suggests that persistent hypoxic signaling results in incomplete mesenchymal development. This report implicates mutations in EPAS1, encoding HIF-2α, in the development of Chiari malformation type I.
